This review highlights the significant advances which have been made in prokaryotic ecology and biotechnology due to the application of metagenomic techniques. It is now possible to link processes to specific microorganisms in the environment, such as the detection of a new phototrophic process in marine bacteria, and to characterise the metabolic cooperation which takes place in mixed species biofilms. The range of prokaryote derived products available for biotechnology applications is increasing rapidly. The knowledge gained from analysis of biosynthetic pathways provides valuable information about enzymology and allows engineering of biocatalysts for specific processes. The expansion of metagenomic techniques to include alternative heterologous hosts for gene expression and the development of sophisticated assays which enable screening of thousands of clones offers the possibility to find out even more valuable information about the prokaryotic world.
Introduction
Metagenomics combines many of the significant molecular technological developments of the last century enabling scientists to investigate more fully prokaryotic ecology and to unlock the vast biotechnological potential held within the prokaryotic population.
The field of metagenomics developed as a consequence of the discovery that prokaryotic diversity was much greater than previously realised and that the prokaryotic population was a significant resource for biotechnology applications, both facts which were reaching the limitations of traditional culture based investigation [1] . Metagenomics, a term first coined by Handelsman in 1998, is habitat based investigation of mixed microbial populations at the DNA level [2] . DNA is extracted directly from the environment and cloned into cosmid, fosmid or BAC vectors producing large insert libraries. For details about cloning strategies, see reviews [3, 4] . Theoretically, a metagenomic library contains clones representing the entire genetic complement of a single habitat, although this is dependent on the efficiency of DNA extraction and cloning methods. The information held within a metagenomic library can be used to determine community diversity and activity, the presence of specific microorganisms or biosynthetic pathways as well as simply searching for the presence of individual genes (Fig. 1) .
This review concentrates on the major developments in microbial ecology and biotechnology which can be attributed to metagenomic research. 
Ecological advances
The field of microbial ecology was revolutionised by the introduction of phylogenetics, the study of diversity based on the 16S rRNA/DNA [5] . The application of universal primers for direct PCR amplification of diverse 16S genes from total community DNA combined with cloning and sequencing has generated a vast quantity of data and completely redefined prokaryotic diversity. Soil, which was shown to contain a low diversity of microorganisms when analysed using cultivation based techniques, is now, as a result of direct 16S rRNA gene analysis, known to be one of the most richly diverse habitats for prokaroytic life on Earth [6] .
While 16S rRNA gene analysis provides valuable information about diversity and evolution of microbial populations, it does not begin to cover the complexity of prokaryotic diversity and it does not reveal the role of the different microorganisms within the natural population. The 16S gene itself accounts for approximately 0.05% of the average prokaryotic genome and cannot be used to obtain information about the physiology of the microorganism from which it was obtained [7] . It has been demonstrated that microorganisms with identical 16S rDNA sequences can have very different overall genomes and display remarkably different physiologies and growth temperature optima [8, 9] . Even though it is accepted that prokaryotic diversity and physiology extends beyond that defined by 16S rRNA/DNA studies, detection and analysis of the 16S rRNA/DNA remains a very powerful tool in microbial ecology studies. Recently, a variety of software packages have been developed by the Handelsman group to enable scientists to determine whether differences between 16S clone libraries from different habitats are ecologically significant or random, and to determine whether the degree of analysis of diversity in a specific habitat is sufficient to provide an accurate picture of the true diversity present at the 16S level [10, 11] .
One of the main aims of microbial ecology today is to link the identity of the different microorganisms within a habitat to the processes they carry out in that environment. One way in which the metagenomics approach achieves this is by using the 16S rDNA as a phylogenetic anchor to identify clones belonging to specific microorganisms and then the DNA flanking the gene is sequenced to gain information about the physiology of the microorganism. One of the earliest examples of this metagenomic approach was for the characterisation of an uncultivated prokaryote from a marine planktonic assemblage involving the use of PCR to screen a library of fosmid clones for the presence of archaeal rDNA. Subsequent subcloning and sequencing of the surrounding DNA revealed the presence of an archaeal RNA helicase and a glutamate semialdehyde aminotransferase providing the first information about the genetic organisation and potential of this uncultivated archaeon [12] . Using a similar approach, Béjà and co-workers made one of the most significant discoveries in marine ecology of the last decade: the detection of a rhodopsin encoding open reading frame in a c-proteobacterium [13] . This is the first indication that c-proteobacteria, one of the most widespread groups of bacteria found in marine surface waters, are capable of carrying out a new form of phototrophy which was previously thought to be exclusive to Archaea. This 16S rDNA based approach has not only been used to characterise uncultivated prokaryotes from the marine environment, but also has been applied successfully for characterisation of uncultivated crenarchaeota Fig. 1 . Global metagenome searches will achieve two major goals. Firstly, they will result in a tremendous increase of knowledge on the function of microbial niches. It is probably the only possible way to link the natural biodiversity with functions of non-cultured microbes in the respective niches and explore their roles in the environmental processes. Secondly, metagenome research will lead to the discovery of many novel enzymes with new functions. Further, it can be expected that metagenome research will identify novel drug molecules and other valuable metabolites.
from soil [14] . This approach has been expanded to include other Archaea specific genes as well as the 16S rDNA for identification of clones containing DNA from Archaea. This effectively extends the amount of genomic information which can be accessed [15] and provides insight into the processes being carried out [16] .
Another advance in microbial ecology research has been the combination of 16S rDNA sequence analysis and a snapshot metagenome sequencing approach which was used to investigate the diversity and processes being carried out in a high diversity drinking water biofilm [17] . Analysis of 650 16S rDNA clones resulted in the detection of 81 different clones, 86% of which belonged to the Proteobacteria. The snapshot genome sequencing allowed the detection of 1026 genes encoding hypothetical proteins, a number of which were significantly similar to proteins from known microorganisms [17] . In this way it was possible to link processes within the biofilm to the microorganisms identified there.
One of the metagenomic approaches which generates a massive amount of data on microbial ecology is the reconstruction of the metagenome of an ecosystem using random shotgun sequencing. This has been used to successfully reconstruct the metagenome of a low diversity acidophilic biofilm [18] . Analysis of 16S rDNA clones revealed the presence of only three bacterial and three archaeal lineages. Through reconstruction of the metagenome they were able to provide genome data for the first Nitrospira phylum member. They were able to allocate processes to specific microorganisms and demonstrate the metabolic interdependency of the biofilm community. For example, nitrogen fixation genes were only found in Leptospirillum group III. They were able to infer that Leptospirillum group II were responsible for biofilm structure, allowing the biofilm to float at the air-water interface. Finally, they were able to demonstrate the range of different specialised abilities this biofilm displays for survival in a highly acidic and highly toxic environment [18] . A similar study, but on a much grander scale, is the Sargasso Sea project where the metagenome of the sea was investigated and partially reconstructed [19] . The sampling techniques and considerations are reviewed by Rodríguez-Valera [20] . They sequenced 1.045 billion base pairs, found 1800 genomic species, 148 of which belonged to completely new bacterial phylotypes. They found 1.2 million new genes. One of the interesting findings of this research was the detection of 782 new rhodopsin like photoreceptors and the discovery that they can be attributed to a wide range of bacteria including the CFB group. This indicates that this phototrophic process is more widespread among marine bacteria than previously thought [19] . The vast quantity of data generated in this project will take many years to fully assess, and will provide a picture of prokaryotic diversity in the Sargasso Sea and the processes carried out there.
Early work on characterisation of chitinases from marine metagenomic libraries and their comparison with those detected through culture based techniques indicated there are many uncultured bacteria carrying chitin degradation enzymes [21] . Metagenomics makes it possible to investigate the many natural mechanisms of chitin degradation, an important process in marine environments.
One of the challenges in metagenomic research is the identification of clones carrying a specific gene, for example the 16S rDNA, in the midst of thousands of library clones. One of the classical microbial ecology techniques which has been developed and expanded in direct response to the needs of metagenomic research is fluorescent in situ hybridisation (FISH), the use of fluorescent probes to detect 16S rRNA. The combination of gene expression/activity screening with phylogenetic screening for 16S rRNA using large insert library FISH, (LIL-FISH), has been shown to be successful [22] . The possibility that this could be combined with fluorescence-activated cell sorting would provide a useful technique for phylogenetic screening of large metagenomic libraries. The main drawback to this method is that the cells must be fixed with paraformaldehyde before hybridisation with the oligonucleotide probe, effectively killing the cell and preventing isolation of fosmid DNA after cell sorting. PCR amplification may be a suitable approach to obtain fosmid DNA after cell fixation [23] .
This summarises the main metagenomic strategies used to enhance our understanding of microbial ecology, and what has been achieved to date.
Biotechnological advances
The ability of prokaroytes to adapt, thrive and populate every environment, from hydrothermal vents on the ocean floor to acid mine drainage sites, is related to their metabolic and physiologic diversity. The metagenomic approach offers the possibility not only to analyse the phylogenetic diversity of environmental biofilms, but also to locate genes and operons encoding properties of biotechnological interest [24] [25] [26] [27] .
Metagenomics has led to the discovery and characterisation of a wide range of biocatalysts, revealing much about the natural diversity of enzymes and factors which influence their functions, and making detection and optimisation of biocatalysts for specific processes a real possibility [28] . One of the main approaches to novel biocatalyst detection involves functional screening which requires gene expression in a heterologous background, usually Escherichia coli [29] . Recently, the potential success of this technique was analysed using the complete genome sequences from 32 prokaryotes and it was shown that only 40% of the genes present could be easily detected using E. coli [30] . This is because some genes require the presence of specific factors before they can be properly expressed and these factors are not present in E. coli. The range of heterologous hosts for expression of genes from metagenomic libraries has been extended to include Streptomyces lividans and Pseudomonas putida, which have different expression capabilities and make it possible to detect the expression of a broader spectrum of genes or operons [31] .
A function based screening for a biosynthetic pathway, comprising type I polyketide synthases involved in the production antibiotics such as erythromycin, rapamycin or epothilone, used both E. coli and S. lividans as heterologous hosts and resulted in detection of eight positive clones from a metagenomic library of 5000 [32] . Sequencing analysis revealed that these clones contained novel type I polyketide synthases which were highly similar to sequences from known microorganisms. In a refinement of this method a phylogenetic analysis step was included and the number of analysed clones increased to 60,000 [33] . Type I polyketide synthetases are made up of three domains and analysis of the ketosynthase (KS) domain revealed that it could be linked to the taxonomic position of the original microorganism and that modifications to KS were directly related to alterations in the product spectrum of the biosynthetic pathway. Using the KS domains from the clones and comparing them with a phylogenetic tree generated from 23 known KS domains it was possible to find clones containing novel type I polyketide biosynthetic pathways [33] and thus proving that screening of soil metagenomic libraries is a valid approach for detecting novel biosynthetic pathways for products of therapeutic interest.
One area of novel drug discovery which has been made possible by metagenomics is the investigation of symbiotic bacteria, one of the major natural sources of therapeutic products and one which has so far resisted analysis by pure culture techniques. In a PCR based screening for functionally unusual and rare type I polyketide synthases in metagenomes derived from beetle and sponge microsymbionts 3 and 60 positive clones were detected, respectively [34] . That this rare type I polyketide synthase is cloned and maintained in a heterologous host means that it can now be characterised revealing valuable information about polyketide enzymology and allowing generation of novel antitumour compounds [34] .
Soil has always been one of the main sources of antibiotics although the numbers of new antibiotics being detected by cultivation based techniques has decreased in recent years. Analysis of soil derived metagenomic libraries has revealed that there are many more antibiotics present in the uncultivated population [35] . Correspondingly, a metagenome based screening for antibiotic resistance mechanisms in soil resulted in detection of a diverse range of mechanisms which were quite different to those detected in cultivation based analyses [36] . Although soil derived metagenomic libraries remain the most promising sources for new antibiotics and detection of resistance mechanisms the search has been extended to libraries derived from such diverse sources as the oral metagenome and bromeliad tank water [37, 38] . A novel antibiotic, palmitoylputrescine, was found in bromeliad tank water and a novel bacterial mechanism for inactivation of tetracycline found in the oral metagenome [37, 38] . One of the main benefits of the application of metagenomics to this research area is that it increases knowledge on bacterial antibiotic resistance mechanisms and enables the development of compounds which can inhibit resistance effectively extending the functional range of antibiotics [36] .
A different range of biosynthetic pathways accessed by metagenomic studies are those involved in vitamin biosynthesis. The soil metagenome includes genes encoding 2,5-diketo-D-gluconic acid reductases which can be used in the production of vitamin C from glucose [39] , and clones containing the biotin synthesis operon have been detected in metagenomic libraries derived from enrichment cultures [40] . The addition of an enrichment step selects for a particular trait in the microbial population, in this case biotin synthesis. This reduces the diversity of genetic material in the metagenomic library and makes it more likely to find clones carrying the biotin biosynthesis operon. Cultivation is normally avoided in metagenomic studies because of the loss of genetic diversity and the introduction of bias to the results. Precultivation can be a useful tool for obtaining sufficient DNA from soil environments and can be balanced against the loss in diversity, the significance of which depends on the natural level of diversity among microorganisms carrying the required trait.
The ability of prokaryotes to degrade all naturally occurring compounds and most xenobiotics makes them an important factor in environmental bioremediation strategies. Cultivation techniques have been used successfully to obtain operons encoding degradation pathways. However, a comparison between the genomes of bacteria isolated from soil environments where bioremediation activity was detected and the metagenome of that environment indicates that the genes responsible for remediation in the environment are different to those accessible through cultivation [41] . Through metagenomics it is possible to learn more about the diverse xenobiotic degradation pathways used by prokaryotes in the environment [42] .
One of the main areas of metagenomic research from the beginning has been its application in the discovery of novel biocatalysts. Considering the high diversity of prokaroytic life in soil environments, soil metagenomic libraries offer one of the best sources when searching for a wide range of biocatalysts. Such libraries can be searched using direct sequencing of clones and comparison of sequences with the databases, or by functional analysis, screening for a specific activity [26] . A diverse range of biocatalysts have been obtained from metagenomic libraries [24, 26, 27] . Some examples of soil metagenome derived biocatalysts include esterases, nitrile hydratases, alcohol reductases, amidases, cellulases, a-amylases, 1,4-a-glucan branching enzymes and pectate lyases [27, [43] [44] [45] [46] [47] [48] .
As well as the diversity of enzyme classes found in metagenomic libraries there are also variations in functional characteristics within the classes which makes them of particular interest to biotechnology. For example, recently in our research group two esterases were detected and characterised at the molecular and biochemical level. Both esterases were found to have a broad pH range of activity with similar optima around pH 10, and similar temperature optima around 50°C. They displayed overlapping, but quite different, substrate profiles, and one had a much higher activity than the other (unpublished data). When enzymes are required which have specific optimal conditions for functioning such as higher temperature, pH extremes or elevated salinity then metagenomic libraries derived from prokaryotic populations growing under those conditions can be targetted. Using this strategy it was possible to isolate and characterise a novel, thermostable esterase [47] . This esterase had a narrower pH range (5.5-7.5) of activity, with optimum at pH 6.0, than the two previously mentioned esterases, but it displayed an extremely wide temperature range with optimum at 95°C [47] . Considering the range of activities and functional optima displayed by these three characterised metagenome derived esterases, and the fact that many more esterases have been detected in libraries, this indicates a great natural diversity which could be applied in a broad range of biotechnological situations is just waiting to be tapped by metagenomic researchers.
Metagenomics enables the detection and characterisation of a wide range of biocatalysts. However, often thousands of clones must be analysed before even a small number of positive clones can be detected. One development which enables rapid screening of large numbers of clones is the use of DNA microarrays [49] . Using this approach it is possible to identify clones generated from non-cultivated microorganisms, thus narrowing the range of clones to be sequenced and analysed further. A similar, highly sensitive, microarray development at the protein level allows the detection of enzyme activity in hundreds of samples simultaneously [50] . One innovative approach to screening is substrate induced gene expression screening for catabolic genes [51] . This is obtained by using an operon-trap gfp-expression vector for generating the metagenomic library, growing the library in liquid medium supplemented with the substrate of interest and using fluorescence-activated cell sorting to find the fluorescing cells containing the genes of interest [51] . The application of these methods for screening metagenomic libraries will make the discovery of positive clones much more rapid and allow screening for a greater diversity of genes and their products.
Outlook
The full range of potentially interesting gene products made available in metagenomic libraries has not yet been fully investigated. For example, the complexity of interaction between cell signalling molecules and gene regulation mechanisms could now be reconstructed and elucidated for mixed species biofilms which would provide valuable data of ecological and medical importance. A further example is the genomic analysis of 1 g of soil. The coding capacity of the soil metagenome is greater than that of the human genome. If equivalent funding was channeled into metagenomics this would unlock valuable information and provide the basis for major developments in key areas of ecology, medicine and biotechnology.
